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 Face mask use during the COVID-19 pandemic has been shown to effectively reduce the 
spread of the SARS-CoV-2 virus, especially when everyone who is interacting closely wears one 
while talking, breathing, coughing, or sneezing, by reducing the amount of exposure to viral 
droplets and aerosols. There has been a huge global shortage in masks, however, which makes it 
hard to fully protect the public, especially frontline healthcare workers and those in developing 
countries. Some face masks, such as N95 respirators, are made of fabrics efficient in blocking 
and retaining small airborne particles and are custom fitted to the face to offer more protection 
than surgical or fabric masks, though any mask is better protection than nothing. One way to 
conserve PPE during this pandemic is to sterilize and reuse masks, and research is currently 
being done to discern the most effective and practical decontamination procedure that does not 
damage the structural integrity of the masks themselves. This report addresses the types, 
properties and protective performance of face masks and related face protection options, such as 
face shields, the various methods to decontaminate and disinfect face masks for reuse, the 





 Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is a part of the family 
of Coronaviridae, which are enveloped viruses with large, single-stranded RNA genomes that 
range from 26 to 32 kilobases in length (Zheng, 2020). The positive-sense viral RNA is directly 
surrounded by a viral nucleocapsid, or protein shell, and outermost by a host membrane-derived 
lipid bilayer, which is produced once the virus interferes with lipid synthesis and signaling in the 
host cell (Kumar, et al., 2020). On the membrane surface, SARS-CoV-2 has distinctive 
glycoprotein spikes about 8 nm to 12 nm in length and has an overall virion size ranging from 60 
to 140 nm or 0.06 to 0.14 microns that is spherical in shape (Zheng, 2020; Chua, et al., 2020). 
Genome characterization has shown that the virus has zoonotic origin, and some studies have 
traced back the source to bats and pangolins, though there might be an intermediate host (Kumar, 
et al, 2020). The virus has been proven to be a highly contagious and cause severe respiratory 
illness. Its spike protein (S) has a high binding affinity for the angiotensin-converting enzyme 2, 
or ACE-2 receptor, contained in many cells in the body and downregulates its transcription after 
its RNA enters the host cell cytoplasm, particularly in the respiratory tract (Tang, 2020). ACE-2 
is part of a critical biochemical pathway that regulates blood pressure, oxygen exchange, wound 
healing, and inflammation that also involves the heart, liver, and kidney, which are susceptible to 
damage by COVID-19 (McLachlan, 2020). Thus, when COVID-19 virus attacks the ACE-2 
receptor, it leads to severe lung epithelial inflammation and lowered immune response which 
causes symptoms such as difficulty breathing, intense coughing, sneezing, and congestion 
(McLachlan, 2020). Mutations in the spike protein are leading to more transmissible and lethal 
variants of the original SARS-CoV-2 strain (Wang, et al., 2020). Vulnerable populations such as 
those who have comorbidities such as obesity, hypertension, asthma, cancer, and/or are 
immunocompromised have an increased risk of developing severe illness and complications such 
as pulmonary embolisms that lead to death from the virus that causes COVID-19 (CDC, 2020). 
 The best way to control the SARS-CoV-2 pandemic is to first reduce the risk of infection 
by blocking the main transmission routes, such as through the air expelled by infected people as 
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droplets and aerosol particles (Tang, et al., 2020). Therefore, consistent face mask use, especially 
when social distancing of at least six feet or 1 meter is not possible between people, has been 
recommended by the CDC and WHO, respectively, to prevent airborne spread of COVID-19 
(Tang, et al., 2020). Masks are able to capture and filter out viral particles emitted in droplets and 
aerosols generated by speaking, breathing, or coughing before they reach the nose or mouth and 
enter the body of another person and have been used in the past for protecting against diseases 
such as Influenza, Tuberculosis, and SARS-CoV (ECDC, 2021). Moreover, because there can be 
asymptomatic carriers of COVID-19, everyone must wear a mask to protect the people around 
them, regardless of whether they are visibly sick or not (Tang, et al., 2020). Therefore, masking 
mandates for the general public--among other preventative measures--have been established 
globally. However, some face mask designs, fabric materials, and mask wearing strategies lead 
to better protection from inhalation of or airborne release of viral particles than others (Tapp, 
2021). Research has found that transmission is 7.5 times higher in countries that did not have a 
mask mandate compared to countries that did and that states in the U.S. that do not have a 
mandate are seeing growth in cases by 2% more than those who do have a mandate (Tapp, 
2021). The types of masks and respirators available to hospital workers and non-hospital workers 
differ in level of protection, and due to shortages, those in developing countries are finding it 
especially hard to obtain masks, which makes them more susceptible to exposures and 
contracting the illness (Dugdale, 2020).  
 Furthermore, if masks are not properly decontaminated or disposed of after use, they may 
still have infectious particles on them which may lead to further virus exposure and disease 
(Dugdale, 2020). There are several decontamination processes that are considered acceptable for 
masks, although some are more effective and more generally available than others (CDC, 2020). 
These mask availability, performance evaluation, and decontamination efforts are important 
during PPE shortages and for identification of more sustainable and environmentally friendly 
solutions to mask wearing and reuse during the pandemic (CDC, 2020). Even now, as 
vaccination efforts are increasing to build immunity for everyone and slow the spread of 
COVID-19, mask wearing is still very important and likely will be for the foreseeable future, in 
addition to continuing proper hand hygiene and social distancing (U.S. Department of Health and 
Human Services, 2021). According to Dr. Fauci, the director of the National Institute of Allergy 
and Disease and President Joe Biden’s chief medical adviser, these masks may need to even be 
worn into 2022 until the pandemic is more contained (Crist, 2021). 
 
Research Questions of this Thesis 
 
● How effective is each different type of face covering available on the market in blocking 
airborne transmission? 
● How can masks be made more effective against preventing the spread of COVID-19?  
● How do various decontamination processes affect mask construction, filtration efficiency, 
and reusability? 
● What are some of the key knowledge gaps and unmet research needs that can be 
identified and then addressed for these three questions above?   
 
Current Status of Face Covering Features and Options 
 





 Currently, N-95 respirators are considered best infection protection and control (IPC) 
practice and are used by hospital workers. This is because they have been proven to be the most 
effective mask available on the market and efficiently filter out airborne particles (Chua, et al., 
2020). All N-95 masks are optimally customized for the wearer and form a tight seal around the 
nose and mouth (FDA, 2020). N-95s are a type of filtering facepiece respirator (FFR), or 
negative pressure respirator, that have an electrostatic polypropylene filter layer and remove at 
least 95% of +0.3 micron-particles, including COVID-19 associated with such airborne particles 
(FDA, 2020). By comparison, SARS-CoV-2, the virus that causes COVID-19, has a size ranging 
from 60 to 140 nm or 0.06 to 0.14 microns, as mentioned previously (Chua, et al., 2020). Aerosol 
particles both much smaller and much larger than 0.3 microns are collected with a higher 
efficiency than 0.3-micron particles (Friedlander, 1977).  Smaller particles are collected by 
diffusion and larger particles by impaction and interception, but the minimum collection 
efficiency is usually around 0.3 microns (Friedlander, 1977). However many expelled respiratory 
particles are large enough that SARS-CoV-2 viruses in them can be efficiently removed 
(Johnson, 2011). It can be hard for some people to breathe properly using N-95s because of how 
sealed the mask is to the face, which can also cause harms such as headaches, rash, acne, skin 
breakdown, and impaired cognition (Rosner, 2020). In addition, N95s are recommended for 
single use and should be replaced the next time a respirator is needed (CDC, 2020). There is 
currently a worldwide shortage of them, which is why the CDC does not recommend the general 
public use them (CDC, 2020). These are required and best used in healthcare settings by medical 
staff when working with COVID-19 positive patients or in settings where aerosols are generated, 
such as in intubation or dental procedures (WHO, 2020). It is generally recommended that N-95s 
should never be layered with any other type of mask, although double-masking has been 
practiced as a way to extend N95 respirator usability in situations of N95 shortages (Robarge, 
2008). Some N-95 masks may contain exhalation valves, but these are not recommended for use 
even though it makes it easier to breathe. This is because these valves will let virus pass through 
and it would make it completely ineffective against COVID-19 (WHO, 2020).  
It is important to recognize the potential use of KN95 masks, as well, which are a type of 
mask built similarly to N-95 masks but usually with ear loops rather than straps that encircle the 
user’s head. KN95 masks are comprised of four layers but are 8 times thinner than N95 
respirators and have a dipole charge that is two times lower (Yim, et al., 2020). However, some 
KN95 masks show filtration efficiencies as high as N95 masks, likely because of the filter layer’s 
smaller pore size (Yim, et al., 2020). They are commonly made in China, are not regulated for fit 
and effectiveness by the NIOSH or other authorities, and furthermore, up to 60% of KN95 masks 
are counterfeit and do not meet NIOSH or European Union requirements for filtering (Mottay et 
al., 2020; CDC, 2021).  
It is notable that there is no consistent guidance from the World Health Organization 
(WHO) available yet to test the performance of KN95 respirators or other non-medical or 
surgical face masks. There are performance requirements and test procedures from OSHA and 
the NIOSH as well as other entities such as the European Union Medical Device Directive 
93/42/EEC or Medical Device Regulation (EU) 2017/745 for medical masks and respirators. 
However, in 2020 the French association, AFNOR, released AFNOR SPEC S76-001 “Masques 
barrières" or “Barrier Masks” (in English), which is a new performance standard that establishes 
minimum requirements for non-medical general purpose masks, such as those for community 
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use. In addition, the American Society for Testing and Materials (ASTM) released in February, 
2021, a new non-medical mask performance standard, F3502−21 Standard Specification for 
Barrier Face Coverings. Currently, such non-medical masks are not considered medical PPE, and 




 Surgical masks are much looser fitting than N-95 masks, but they have a metal nose piece 
which allows some amount of customization to the wearer's face for a tighter fit. Most surgical 
masks come in three layers of synthetic nonwoven material, similar to N-95 masks, with a 
filtering layer sandwiched in the middle (WHO, 2020). The inner layer is made of absorbent 
material to trap mucosalivary droplets from the user, and the outermost layer is water-resistant 
and helps repel fluids such as mucosalivary droplets coming from another person (Chua, et al, 
2020). However, there is currently not a standardized way to manufacture surgical masks, and 
therefore they can be available in different thicknesses and have various levels of filtration and 
fluid resistance (WHO, 2020). Most surgical masks are able to catch and filter out large droplets 
that may be produced from coughing and sneezing but are not as efficient against smaller 
aerosols that may enter through gaps in the sides of the mask (WHO, 2020). There are, however, 
several ways to increase the protective level of surgical masks, which were shown to block about 
56.1% of particles from a simulated cough (Brooks, 2020). For example, one can knot their ear 
loops close to the edge of the mask, use an elastic band around the head, or tuck the mask in for a 
tighter fit (Brooks, 2020). These strategies have shown to increase the particle retention efficacy 
to 77.0%. Furthermore, double masking with a cloth mask on top of a surgical mask has proven 
to push the underlying mask closer to the face and increase filtering capacity by blocking 85.4% 
of cough particles (Brooks, 2020). These masks are recommended to be worn by the general 
public since they are more widely available than N-95 masks and should be disposed of after 
each use (ECDC, 2021). In Europe, where more severe, contagious strains of SARS-CoV-2 are 
developing, officials in France, Germany, and Austria are requiring the public to wear medical-




 Due to the global shortage of face masks in the beginning of the pandemic, it was 
suggested that cloth masks be used by the public because they are easily made, inexpensive, and 
can be reused, though they are not as effective at protecting one from COVID-19 as surgical and 
N-95 masks are (Steinbrook, 2020). They can vary widely in terms of what materials are used, 
the design, and how well it fits the face, and the pore size of most synthetic and natural fibers is 
typically much larger than that of COVID-19 (Chua, et al., 2020; Leith et al., 2021). The World 
Health Organization and other health authorities have provided guidance to the public on proper 
mask use, as shown in Figure 1 below. Fabric masks have some protective effect and can 
certainly be used to catch large droplets that may be generated by the wearer from a sneeze or 
cough. Cloth masks can be made out of cotton or linen fabric for maximum efficacy, but stretchy 
material is not ideal (Maragakis, 2021). Nose bridges should be included for a tighter fit for the 
wearer (Steinbrook, 2020). For best results, it is recommended to hold the fabric up to a light 
source, such as the sun or using a flashlight, to determine whether the material is too thin 
(Maragakis, 2021). If it is too thin and the light shines through, one can usually add household 
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items such as tissues, coffee filters, polypropylene or pantyhose to the mask to serve as a filter 
and extra layers (Godoy, 2020). For example, a study found that adding pantyhose can boost 
mask performance anywhere from 15 to 50%, though it can make it harder to breathe (Godoy, 
2020). Cloth masks should ideally be used in combination with surgical masks. Bandanas are not 
recommended for use as masks when folded and tied around the face because there is still an 
opening at the bottom for viral particles to enter (Maragakis, 2021). A number of approaches to 
improving mask fit with a brace have been described, such as the use of a so-called “double 
eights mask brace” using rubber bands and paperclips (Runde et al., 2020). A team at the 
University of Wisconsin has engineered the Badger Seal, which is a soft, adjustable elastic 
overlay frame that pushes the mask closer to the face and has been recommended by the CDC 
(University of Wisconsin, 2021). This may solve the problem of loosely fitting surgical and cloth 




 There is a lack of scientific evidence on the effectiveness of clear plastic face shields for 
the prevention of COVID-19 (ECDC, 2021). Face shields can have some protective effect 
against droplets entering through the eyes, since it fully covers the face, but the possibility of 
ocular transmission remains fairly low as compared with other routes of exposure, such as the 
respiratory tissues (ECDC, 2021). One experimental study that used a coughing patient simulator 
showed that face shields can block up to 96% of short-term exposure to large droplets, but not 
against aerosols or other particles that may be remaining in the air for much longer (ECDC, 
2021). Mostly, healthcare workers are continuing to wear face shields in combination with 
masks, and studies have proven that they are a good option for protecting workers from 
pathogen-laden droplets such as blood or other fluids and for those people who find it hard to 
breathe in masks (Lindsley, 2014; Wendling et al., 2021). There has been some evidence that 
face shields when combined with masks do offer greater protection than just masks alone, which 
leads to suggest that Plexiglass should be implemented in places where there is close contact 
between people such as in school cafeterias if face shields are unavailable (Wendling, et al., 
2021). It is difficult to determine how much of a protective effect face shields have on their own, 
though, because most studies have been carried out using masks in addition to face shields 
(ECDC, 2021). 
 
Snorkel Masks  
 
Due to mask shortages, people are getting more creative about reusing household and/or 
commercially available items as full-face protective gear during the SARS-CoV-2 pandemic. 
One of which is wearing snorkel masks, though the size and fit varies, and there were several 
concerns it may lead to carbon dioxide accumulation--which is risky for the wearer--so several 
models were tested (Germonpre, et al., 2020). Adaptations to these snorkel masks included using 
3D adaptors to convert them into positive pressure ventilators using medical-grade filters and 
removing the snorkel ball that usually blocks out water to increase air flow (Germonpre, et al., 
2020). Research has found that snorkel masks, when fitted with a 3D adaptor and filter, can offer 
protection levels comparable to N95 masks and there was minimal end-tidal carbon dioxide, 
meaning that there is low chance for carbon dioxide rebreathing in the mask, which can be toxic 
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(Germonpre, et al., 2020). Snorkel masks must be tightly fit and tested to the wearer’s face for 
optimal protection and may be used in low resource areas (Germonpre, et al., 2020).  
 
 
Figure 1 Guidance by the WHO for proper mask wearing  
 
 In conclusion, different masks currently available on the market offer varying levels of 
protection for both the wearer and those interacting with the wearer and can affect the spread of 
COVID-19 if masks are selected carefully and used according to good practice. N-95 respirators 
have been shown to have the best particle retention efficacy because of their structure and close 
fit to the face, but they are largely reserved for use by healthcare professionals due to their global 
shortage. Surgical masks are a good option for the general public, though they are largely seen as 
not being as effective as N-95 respirators because small particles can still enter through the sides 
of the mask. However, making adjustments to the mask such as double looping the ear loops, 
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tucking in the mask edges, or wearing a brace has been proven to increase the protective effect. 
There is a lot of controversy about whether or not N-95 masks are actually more effective than 
surgical masks, which is a situation that should be further studied and explored. Fabric masks 
have been shown to be the most variable and generally least effective option due to vast 
differences in fabric material, thickness, and structure and fit of the mask itself. However, adding 
another filter layer inside the mask does act as an extra barrier against entering particles. Face 
shields may offer extra protection when used in conjunction with a face mask to block out large 
droplets that may land anywhere on the face, especially the eye., However, it is not known 
whether or not their use truly makes a significant difference in decreasing transmission. Lastly, 
snorkel masks and other face covering have been used in low-resource areas and studies have 
shown that modified snorkel masks offer protection levels similar to N-95s against SARS-CoV-
They may be a promising solution for mitigating mask shortages and mask waste, but more work 
needs to be done to standardize models for use as PPE.  
 
Decontamination Processes and the Effect on Mask Efficacy 
 
 Due to mask shortages—especially in developing countries and low-resource settings—
and increasing efforts towards environmental sustainability, it is critical that masks can safely be 
used and reused many times instead of just throwing them out after a single-use. Furthermore, 
there is an important need for mask decontamination in healthcare settings and general 
community use to ensure that infection does not spread from touching contaminated masks. 
There are several feasible chemical and physical options for mask decontamination, including 
using ethylene oxide, vaporized hydrogen peroxide, ultraviolet germicidal irradiation, ozone, 
wet/dry heat, methylene blue dye and light, and hot water and detergent. Some of these methods 
work better than others against deactivating SARS-CoV-2, though all have been found to have 
disinfecting properties. Furthermore, some methods cause more damage to mask form and fit 
than others and may only work for certain types of masks. Hydrogen peroxide and ethylene 
oxide are expensive, less readily available, and more technically specialized than some of the 




 Ethylene Oxide, or 𝐶2𝐻4𝑂, (EtO) is an organic gas that is widely used in hospitals for 
sterilization. It is capable of killing most bacteria and viruses including SARS-CoV-2 by 
alkylating amino acids and changing protein shape and damaging microbial nucleic acids and the 
cell membrane. However, it is potentially hazardous to human health and the environment (FDA, 
2020; Anderson Sterilizers, 2021). EtO is highly flammable and can cause explosions if not 
handled properly and can cause adverse health effects, including skin or eye irritation and burns 
(FDA, 2020). At high levels, EtO may affect the nervous system or cause headache, nausea, 
muscle weakness, or shortness of breath (FDA, 2020). Ethylene Oxide is primarily used in a 
specialized chamber and applied to medical and other devices that would be damaged or 
destroyed if exposed to moisture or high heat, such as that from an autoclave (FDA, 2020). 
These concerns apply to some face coverings. Though ethylene oxide has been shown to 
successfully re-sterilize masks and deactivate viral pathogens on FFRs, it is not recommended by 
CDC, OSHA and 3M, a company that manufactures N95 and surgical masks (3M, 2020; OSHA, 
2020). Furthermore, it has been previously established that EtO is a known respiratory, airborne 
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carcinogen and teratogen that can easily be inhaled into the lungs of the wearer if there are any 
residuals left in the masks (3M, 2020). The exact levels of residuals are often unknown and 
difficult to measure without expensive analytical equipment and highly technical procedures.  
Therefore, more research needs to be done to ascertain that it is possible to actually reduce the 
residual ethylene oxide exposure on face masks to below allowable limits and below the airborne 
action level of 0.5 ppm over an 8 hour average time period of human exposure (OSHA, 2020). 
EtO sterilization is not a method available for use in low resource settings in low income 
countries due to the many risks and other challenges, including the specialized equipment and 
high costs, posed by its use. 
 
Vaporized Hydrogen Peroxide 
 
 Vaporized Hydrogen Peroxide (VHP) is a sterilization technique used by introducing 
hydrogen peroxide or 𝐻2𝑂2 vapor to achieve a target concentration of several mg/L into a 
sterilization chamber which is heated at 102 oC. The hydrogen peroxide vapor that diffuses 
through the chamber exposes all surfaces to the sterilant and initiates the inactivation of 
microorganisms in a time period of several minutes. An electrical field created by a radio 
frequency is applied to the chamber to create a gas plasma that generates microbicidal free 
radicals (e.g., hydroxyl and hydroperoxyl). The excess gas is removed and in the final stage (i.e., 
venting) of the process, the sterilization chamber is returned to atmospheric pressure by 
introduction of high-efficiency filtered air. The process effectively deactivates viruses, bacteria, 
and spores by oxidizing their membranes (Saini, et al., 2020). The byproducts at the end of the 
cycle are just water and oxygen, making this procedure much safer than ethylene oxide (Saini, et 
al., 2020). In one study, several types of PPE, including masks and face shields, were spiked with 
the highly microbiocidal resistant SARS-CoV-2 biological indicators of Escherichia coli, 
Mycobacterium smegmatis, and spores of Bacillus stearothermophilus and were evaluated for 
disinfection. Also, physical changes to the masks that may have occurred in the process were 
evaluated (Saini, et al., 2020). The results showed that a single VHP cycle with 7-8% hydrogen 
peroxide for less than 10 minutes could completely disinfect spores of B. stearothermophilus, 
which is much more resistant than SARS-CoV-2 (Saini, et al., 2020). Furthermore, there were no 
physical tears, deformities, or changes in permeability, filtration efficiency, user fit/ comfort, or 
fiber thickness in the sample N95 masks used, as analyzed by several analytical techniques 
including a scanning electron microscope (Saini, et al., 2020). The results were consistent over 
10 sterilization cycles (Saini, et al. 2020). VHP is recommended as a good disinfectant against 
SARS-CoV-2 by the NIH, as well, though it is suggested to only reuse the mask up to 3 times 
after treatment (NIH, 2020); by 3 cycles, it has been found that filtration in N95 respirators can 
be impaired by more than 5% (Steinberg, 2020). This does seem to be one of the most promising 
strategies for disinfecting masks (Steinberg, 2020; Sarkis-Onofre, 2020). However, because of 
the need for specialized and expensive equipment and materials, as well as trained staff to 
manage the procedure, this method of decontamination of masks and other PPE is not generally 
available to those in developing countries and other low resource settings. 
 
Ultraviolet Germicidal Radiation (UVGI)  
 
 UVGI involves using nonionizing UV-C radiation at a wavelength of 200 to 280 nm to 
inactivate viruses such as SARS-CoV-2 by destroying its protein coat and nucleic acids and has 
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been used as a technique in labs and other settings for over a century (FDA, 2021). For the 
purposes of disinfection, masks can either be left out in the sunlight, as a natural source of UV 
radiation, or they can be put underneath a UV-C lamp in a lab or other dedicated space, such as a 
whole room dedicated to mask and other PPE exposure using strategically placed UV lamps that 
deliver UV to all objects present. Research has shown that this method’s effectiveness depends 
on the dose and shading of the light and FFP respirators have to be irradiated from all sides 
(Romero, et al., 2020). 3M is currently working on evaluating this method at 254 nm for 
filtration efficiency and fit of N95 masks (3M, 2020). Previous studies have shown that UV 
radiation at 254 nm can reduce E. coli bacteria and MS2 virus, which are indicator microbes, by 
4-log reductions. However, some samples have been found to contain much higher viral loads of 
SARS-CoV-2 and may need upwards of 6-log reductions before being deemed safe for reuse 
(Raeiszadeh and Adeli, 2020).  UV radiation is an acceptable decontamination method, so long 
as it is applied for sufficient time and is only reused twice due to changes in the seal, though 
filtration seems to stay intact. However, a literature review and proof of concept study by Gilbert 
at al., (2020) concluded that UVGI systems can be used to decontaminate filtering facepiece 
respirators that are in short supply during the current COVID-19 pandemic and are often costly 
and scarce. However, do-it-yourself (DIY) custom-built UVGI systems can be easily and 
affordably created using common items found in hardware stores and within research 
institutions. The authors recommended that health care workers and administrators consider this 
setup as a cost-effective option to combat personal protective equipment mask (PPE) shortages 
during the current pandemic.  
UVGI may be one of the best methods to use for mask decontamination in low-income, 
low-resource areas by keeping masks outside in the direct sunlight. However, because of clouds 
and indirect sunlight, masks may need to be exposed for longer exposure times, such as the 
sunlight hours of a full day to achieve effective results (Romero, et al., 2020).  More research 
needs to be done to better characterize the efficacy of UV light as a potential method of mask 
decontamination in low-resource areas and developing countries, but evidence of efficacy and 
potential practicality to date is promising. Sunlight or room light has also been found effective in 
inactivating viruses like SARS-CoV-2 on masks that have been treated with photoactive 
chemicals that induce antiviral oxidative reactions, as will be described further in later sections 




 Ozone, or 𝑂3, is a gas that is readily found in the atmosphere that absorbs harmful UV 
light, but can also be generated by humans to use as a strong oxidizing disinfectant that breaks 
down the cell membrane and viral RNA (Grignani, et al., 2020). Ozone is also able to reach 
small crevices and penetrate all sides of the respirators, unlike UVGI (Romero, et al., 2020). 
Recently, a study was conducted that found the dose-response relationship between ozone and 
viral inactivation time in vitro; for 55 minutes at 6 ppm, there was a 90% reduction in plaques 
(Table 1, See Appendix; Yano, et al. 2020). SARS-CoV disinfection has been investigated 
already on FFR respirators, and it was found that the virus could be inactivated at 27.73 mg/L 
ozone for 4 minutes; these results can likely be extrapolated to the behavior of SARS-CoV-2, as 
well (Romero, et al., 2020). Another group tested the FFR respirators for physical changes after 
exposure to ozone at 10 and 20 ppm for 10, 20, and 60 minutes (100/200 ppm, 200 ppm/400 
ppm, and 600/1200 ppm total, respectively). They found that there was not any microscopically 
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visible damage to the non-woven polypropylene fibers and in several experiments performed as 
per NIOSH standards, they found there was no loss in filtration efficiency, either (Dennis, et al, 
2020). In a study by Manning, et al. (2020), ozone at 400 ppm at 80% humidity over 2 hours 
killed Pseudomonas aeruginosa on 3M N95 respirator. Pseudomonas aeruginosa is a bacterial 
surrogate microbe that has been recognized as being 4 to 13 times hardier than viruses. There 
was no degradation of the mask or filtration after even five cycles of exposure (Manning, et al., 
2020). However, more work needs to be done to ascertain the optimal dose and humidity levels 
to be used with ozone for complete inactivation of SARS-CoV-2.  
Many people and organizations are beginning to purchase commercial ozone generators 
for purifying household and workplace air from SARS-CoV-2. However, it may cause acute 
inhalation toxicity and other adverse effects on human health if levels are uncontrolled and 
exceed the allowable exposure threshold (Grignani, et al., 2020). Moreover, the virucidal effect 
of generators are heavily influenced by external factors such as power source and humidity. 
Furthermore, the airborne ozone concentrations that are safe to breathe are unlikely to be 
effective against bacteria and viruses (Grignani, et al., 2020). Therefore, ozone is best used in a 
controlled setting with people who are trained to handle the disinfection procedure. The use of 
ozone generated in chambers than can be safely managed may be an option for mask and 
respirator decontamination, especially where there is electricity, the ability to purchase 
commercial ozone chambers and trained staff to operate them. It remains to be seen if such 





 Applying a source of heat, either wet or dry, can denature proteins on the virus surface 
and inside of the SARS-CoV-2 virus, alter its lipid envelope and thereby deactivate it. According 
to the NIH, at 70∘ 𝐶 dry heat for 60 minutes, all detectable virus was eliminated from N95 fabric 
samples. However, masks began showing fit and seal deformities after three cycles, suggesting 
that each mask can be worn and re-sterilized at least twice (NIH, 2020). There have been 
encouraging mask decontamination results using dry oven exposures for several hours at 70 ∘ C 
(Khan, et al., 2020).The simplicity of these treatments means it can even be replicated at home 
using a microwave, hair dryer, oven, steamer, or rice cooker, but the exact temperature used is 
very important. For example, N95 FFRs that were put in an oven at 80∘ 𝐶 for 60 minutes did not 
yield any physical changes, but heating at 160∘ C for 22 minutes caused the masks to melt (Chua, 
et al., 2020). However, NIOSH does not recommend the use of dry heat, but instead moist heat 
(not including autoclaving), which has shown the most promise as a potential thermal 
inactivation method because it is able to better penetrate microorganisms (OSHA, 2020). 
Evidence does not support the use of autoclaves because physical degradation may be an issue 
for certain mask models (Gertsman, et al., 2020).  
People in Taiwan tried using a rice cooker to sterilize their used surgical masks for 3 
minutes, which achieved 99.7% sterilization, but mask filtration efficacy decreased by 10% each 
cycle (Chua, et al., 2020). One group at Harvard focused on creating a microwave-generated 
steam decontamination system by using a 1100-watt microwave and placing an N95 mask over a 
container with 60 mL of water covered with mesh for 3 minutes, which effectively killed all 
viruses on the mask, including SARS-CoV-2 (Epps, 2020). They found that this method could be 
repeated up to 20 times with no functional damage to the N95 mask, and there was no issue with 
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the metal nose piece sparking (Epps, 2020). Microwaving masks dry is not recommended and 
has been shown to cause melting of the metal noise piece in N95 respirators and surgical face 
masks.. It is unclear what temperature and humidity is ideal or optimum for mask 
decontamination, although it has been concluded that some humidity is necessary, at the very 
least, and that moist heat may be a preferred option for household mask disinfection treatment. A 
two-step process may be the most effective, such as UVGI and moist heat, though this has not 
been proven yet. Overall, there is considerable evidence that optimized methods using wet or dry 
heat can decontaminate masks and respirators and make possible their repeated reuse and 
effective performance. However, additional efforts are needed to better determine and 
communicate the best conditions for use of these methods in both high and low resource settings. 
  
Methylene Blue + Light and other Methods Using Light and Photoactive Chemicals 
 
Methylene Blue is a blue-green photosensitive dye that when combined with light 
produces reactive singlet oxygen which inactivates the virus by damaging nucleic acids and 
membranes (Laguipo, 2020). The Development of Methods for Mask and N95 Decontamination 
(DeMaND) study tested 10𝜇𝑀 of methylene blue and light (MBL) mixed with water and it was 
shown to achieve a 4-log reduction in SARS-CoV-2 on N95 respirators, surgical masks, and 
fabric masks after just 5 minutes, and there were no changes in mask performance, even after 5 
cycles (Singletto, 2020). These researchers also found that if they sprayed a surgical mask with 
MBL pretreatment and then injected SARS-CoV-2 onto the surface, singlet oxygen was 
produced and all the virus was successfully deactivated (Singletto, 2020). Now, they are looking 
into incorporating MBL technology into masks and other existing PPE products for its 
antimicrobial properties (Singletto, 2020). Moreover, MBL has been found to continue to 
sterilize masks for up to one week after treatment with just standard indoor lighting (Clements, 
2020). Methylene Blue is effective, common even in developing countries, low cost, needs 
minimal light to be activated (i.e., moonlight) and does not require any costly and specialized 
equipment, making it a good option for use in under resourced areas (Laguipo, 2020). This 
method also takes much less time than VHP and ozone, making it a promising future 
commercialized disinfectant.  
Other photoactive chemicals and light have also been used to decontaminate masks and 
respirators. For example, research is being done to create antibacterial and antiviral cationic cloth 
masks that are functionalized with photosensitizers like Rose Bengal and sodium 2-anthraquione 
sulfate to produce reactive oxygen species under light for strong oxidizing reactions (Peixin, 
2020). This was shown to yield 6 logs reductions in E. coli and shows great promise, though it 
has not been tested using SARS-CoV-2 yet (Peixin, 2020). In addition, copper nanoparticles 
were applied to a surgical mask to increase its photoactive, free radical generating properties 
resulting in self-sterilization (Kumar, et al., 2021).  
  
Hot Water + Detergent  
 
Sterilization of cloth masks has been recommended by the CDC by using hot water and 
detergent to clean them daily, either in the washing machine or by hand (CDC, 2020). Detergent 
works for SARS-CoV-2 disinfection because it is able to dissolve the outer lipid membrane 
(Thordason, 2020). The University of New England recommends washing the mask at 60∘ 𝐶(or 
the hottest setting) with any regular detergent and completely drying it in a dryer for two hours 
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or air drying it in the sun for UV irradiation (Romero, et al., 2020). The mask(s) can be included 
with a load of dirty laundry and do not need to be washed separately (CDC, 2020). Washing 
masks without detergent may not be sufficient enough to wash away the virus (Lee, 2020). Each 
mask should be visually inspected for any wear and tear and it must be discarded if there is any 
damage or thinning, which can be ascertained using a light source (Romero, et al., 2020). A field 
study on washing of cloth masks used in medical settings has been done (MacIntyre et al., 2020). 
Self or hand washing of masks is discouraged and has been shown to increase risk of infection 
by double as compared to washing in a laundry machine (MacIntyre, et al., 2020). N95 masks 
and surgical masks should not be washed because it can affect the structural integrity of the mask 
and cause damage to its electrostatic filtering properties (Lee, 2020).  Overall, there is supportive 
evidence that proper washing of cloth masks in hot water with detergent, followed by drying can 
clean and inactivate viruses and make it possible for masks to be reused for several times.  
However, better guidance is needed to define optimum conditions for washing with hot water 




 Due to the significance of SARS-CoV-2 and the COVID-19 pandemic, there is a 
considerable amount of data of variable quality available on the topics of face protection using 
masks and other barriers and how to decontaminate face masks for reuse. Currently, it is difficult 
to definitively say which masks are the most effective for use in either healthcare settings or by 
the general public, However, we do have a general idea of the relative protective effects of each 
type of mask. Furthermore, there is a range of literature that describes various methods to 
decontaminate and clean face masks for reuse, but which of the decontamination methods is 
optimal is still unclear and uncertain. Currently, several cleaning and decontamination methods 
are recommended by the CDC, OSHA, WHO and other sources for effective mask 
decontamination. However, the effectiveness of these methods is quantified and reported 
inconsistently in many studies and some of the methods are too complicated, expensive and 
technically demanding for use in low resource settings, especially where electricity and supply 
chains for needed materials are lacking.   
I was not able to perform any experiments myself on mask performance and 
decontamination due to laboratory restrictions during the pandemic. So, all of this information is 
summarized from other sources, and the quality and accuracy of the data is unclear. There were 
also very strict time constraints for researching this topic, and this area of interest should 
continue to be further studied over time. A research group at UNC Chapel Hill working on 
various decontamination processes for masks was contacted for their current data but were 
unavailable at the time of this publication.  
 
Summary and Conclusions 
 
 Consistent face mask use is one of the main ways to mitigate the spread of COVID-19 
through the air, the main route of exposure. Yet, the disease has killed millions of people so far 
and the role of masks in protection from SARS-CoV-2 droplet or aerosol exposure remains 
difficult to quantify under real-world human use and exposure conditions. Masks should be worn 
whenever coming into contact with another person that one does not live with, whether or not 
they have the virus, especially since people can be asymptomatic carriers of the virus and spread 
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it. Even with vaccination efforts increasing, mask use will still likely continue for the foreseeable 
future as a global preventative measure, so it is important to know which mask type is the most 
effective. Current research shows that N95 masks are the best at blocking out the virus because 
they have a thicker fabric and are effectively sealed and customized to the wearer’s face. Due to 
worldwide shortages in N95 masks, however, these should be reserved for healthcare workers’ 
use only, especially those treating COVID-19 patients. Surgical masks are comparable in their 
filtration effectiveness, although gaps in the sides of the mask may cause the wearer to be more 
susceptible to airborne exposure to SARS-CoV-2. However, physical masks adjustments such as 
double looping, knotting the mask at the ends, and wearing fitters and braces have been shown to 
lead to a tighter, securer fit. Surgical masks may be the best option for the general public to wear 
but they are not always available due to their need in healthcare settings. Cloth masks are the 
most readily available, inexpensive and, but they are often the least effective. The extent to 
which they are environmentally-friendly varies because some are not washable for reuse and are 
often improperly disposed of while others are repeatedly usable before they must be disposed of. 
The best of these non-medical masks is a good option for those in under resourced areas. Thicker 
fabrics and filter inserts such as tissues do increase mask performance, though, and should be 
encouraged as additions to previously made masks. Face shields are not recommended for use 
alone but may offer some extra protection from pathogenic droplets when used with a mask.  
Snorkel masks have shown promise for utilization as an effective facial barrier, but their 
wearability and acceptance has been limited so far, compared to other face coverings.  Overall, 
there is a lack of standardization and regulation of many masks available on the market (i.e., 
KN95 masks) which is important to recognize when comparing performance.  
 Mask decontamination efforts have been pivotal in preserving masks during massive PPE 
shortages as was seen in the beginning of the pandemic and during spikes in cases. For 
healthcare workers as mentioned before, N95 masks are in severe demand, making it nearly 
impossible to procure a new mask after every use. For the general public, as well, it can quickly 
become very costly to purchase new masks, not to mention wasteful. Therefore, strategies such 
UV irradiation, vaporized hydrogen peroxide, and moist heat have been recommended by 
NIOSH as potential methods to decontaminate masks and have also shown the ability to maintain 
the structural integrity of the mask after several use cycles (CDC, 2020). These 
recommendations should be updated, however, to include new developments from new research 
being conducted, such as decontamination by dry heat, ozone, methylene blue dye plus light, 
sunlight exposures and washing with hot water and detergent. All of these methods have also 




● More efforts to further develop and test antimicrobial masks that could destroy SARS-
CoV-2 as it makes contact with the mask or the incorporation on or in the masks of any 
antimicrobial filter media that could be applied to or inserted into masks are 
recommended.  
● There is a lot of conflicting information from the literature about whether or not N-95 
masks or surgical masks are more effective against filtering out COVID-19 and further 
investigation of this topic is recommended. 
● There need to be simpler, cost effective and accessible tools for testing masks for 
filtration efficacy by a range of users and especially the public.  
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○ Currently, there are studies underway to develop user friendly DIY testing 
methods of mask performance, such as using incense burning to test for filter 
efficacy both initially and after reuse  
● Because there are few available global standards or regulations for cloth masks that are 
simple to widely implement, more research and demonstration studies have to be done on 
different fabric types to determine which ones are more protective than others.   
○ Similarly, what are the best filter media to use in cloth masks and the best cloth 
mask designs that achieve effective airborne particle retention and provide good 
seals against the face? 
● To what extent are fomites such as one’s hands and fingers a source of self-inoculation 
exposure transmission when it comes to mask wearing, especially when adjusting, putting 
on, or taking off the mask?  
● What are the allowable exposures to ethylene oxide when used to resterilize masks, and is 
there a way to safely use a certain amount of ethylene oxide as a method of sterilization?  
● Up to how many cycles can VHP be used for resterilization of masks and respirators?  
● What are the effective wavelengths, durations and delivered doses for UV-C radiation to 
decontaminate masks? 
● Likewise, what are the best set-ups, airborne concentrations and contact times to 
decontaminate face masks and other PPE with ozone in an enclosed chamber?  
● Are there any decontamination processes that can be used in tandem that may increase 
effectiveness?  
● How can fraudulent and ineffective respirators or masks be identified easily to protect 
consumer health?  
● Is there a new mask design that can be developed that is environmentally-friendly, 
breathable, more effective than current cloth masks, but similarly inexpensive? 
● Can such new and innovative mask designs and features be achieved using the BARDA 
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